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A Regional Magnetotelluric Survey
of the Cascade Range Region, Northwestern United States
by

W. D. Stanley

As part of the U.S. Geological Survey’s geothermal program, a long term
study of the geothermal potential of the‘;olcanic Cascade Range involving
geological, geochemical, hydrologic, and geophysical disciplines has been
initiated. As part of the geophysical effort magnetotelluric (MT) surveys
will be combined with heat flow, seismic sounding, and geomagnetic depth
sounding data to aid in understanding the structural and thermal properties of
the Earth’s crust in the Cascades region. The first step in the
magnetotelluric study of the Cascades consisted of obtaining regional MT data
from a commercial contractor. The station spacing of this data was very
broad, in accordance with the main goal of the study to provide regional
information and to supply a data base that would aid industry in conducting
detailed exploration. The data obtained from the contractor consisted of 50
soundings along the five east-west profiles shown in figure 1. The soundings
consisted of tensor resistivity measurements over a frequency range from 0.002
to 100 Hz.

The purpose of this report is to release the data and preliminary
interpretations from this contract survey. Additional studies to complement
the regional data base are in progress. The goal of these follow-up studies
is not detailed investigation, except in two Known Geothermal Resource Areas
(KGRA), but study of major features found in the initial regional study of
this report. In addition to the MT work being done by the USGS, Lawrence

Berkeley Labs (LBL) is conducting regional studies in the Mt., Hood area and in




the Klamath Basin designed to interface with the USGS studies. The work in
the Mt., Hood area is an extension of the detailed MT study of Mt. Hood done by
LBL (Goldstein and Mozley, 1978). LBL has incorporated MT data into a
previous study of parts of the Klamath Basin (Stark and others, 1979). Los
Alamos Scientific Labs (LASL) has designed an MT study to be done in the near
future in the Brother’s fault area of Oregon as part of their hot=dry rock
(HDR) exploration program. Geomagnetic depth sounding studies are being done
by Jim Towle, USGS, in Oregon, and by John Booker, U. of Washington, in

Washington.

Data Release Contents
The contents of this report include all computer-plotted MT results
provided by the contractor, site location details, tabulated points from
smoothed data curves, model parameters for one- and two-dimensional models
used for preliminary modelling of the MT data, and preliminary geoelectrical
cross sections constructed from the MT data with guidelines for

interpretation.

Data Quality
Most of the data provided by the contractor was of reasonably high

quality. All of the data plots in Appendix 2 consist of points with phasor
coherencies (Word and others, 1970) higher than 0.8. Numerous soundings were
incomplete because of poor data in certain frequency bands, caused by cultural
noise, highly three-dimensional geology at the site, or other undetermined
reasons. Most of the sites from 6-1 to 6-8 provided poor data, as did sités
2-1 to 2=5. This may be at least partially attributed to very complex geology
in the upper 5 km at these sites. éeveral sites were repeated on lines 3 and
4 because of problems encountered with buried high voltage lines, which proved

to be a much worse noise source than above-ground lines and which are common




in the Cascades. The contractor lost the data for sounding 6-7 and was unable

to repeat the sounding.

Interpretation Procedure

The magnetotelluric method has been adequately described by Vozoff (1972)
and Word and others (1970). A common procedure for interpretation of MT data
is the construction of earth models from one~dimensional (that is, a layered
earth model, having variations with depth only) MT inversion, normally done
with the TE or E-parallel mode (Stanley and others, 1977; Word and others,
1970). Piecing together of these one-dimensional models may form a suitable
basis for geologic interpretation if most of the curves are reasonably
one-dimensional (1-D), but as Wannamaker (1978) has pointed out, for most sets
of data one-dimensionality does not hold and pieced together 1-D models will
not fit the actual field data when used as input to a 2-D (model varies with
depth and one horizontal direction) modelling program. Because there are no
completely suitable 2-D inversion programs, if onme is being forced to model
all the data with a 2-D model, large amounts of interpreter and computer time
are required. There is, however, a more serious problem with interpretation
of MT data which can be readily observed in the data of this report; namely,
distortions of the sounding curves by near-surface inhomogeneities,
Berdichevsky and Dmetriev (1976) have discussed the distortion of 1-D curves
by 2-D structures and show that false conductive layers and other effects are
caused by the 2-D structure when the data is interpreted using 1-D models.
These effects are not a problem if the data is truly two-dimensional and a 2-D
modelling program is used éo interpret the data. Three-dimensional structure
(model parameters vary in all three directions) can provide problems of
interpretation more difficult, and if the geology is highly 3-D, meaningful

interpretation may be impossible. One of the more troublesome 3-D effects is




caused by near-surface, discrete bodies which may be in some instances
horizontal, but not infinite in extent. Berdichevsky and Dmitriev (1976)
provided a model useful in studying the nature of the distortion caused by
such bodies. Their discussion of the approximate solution of a tabular
cross—-section ellipsoid embedded in the top layer of a three-layer earth is
useful to point out some of the 3-D distortions. They show that if the station
is outside, but nearby the embedding in the surface layer, the two tensor
resistivity curves will be split from each other, but parallel, with the
maximum resistivity curve being above and ciose to the curve for layering
without the embedding. This is true for either a lower or higher resistivity
embedding. For a station over the embedding, the resistivity curves are
independent of position for frequencies lower than induction frequencies in
the embedding and the two curves will be shifted unidirectionally away from
the curve for layering without the embedding. For a high resistivity
embedding, the two curves will be pushed up and to the lower frequency side of
the log plots, providing larger depths and higher resistivities than the true
layering when 1-D inverted. For a lower resistivity embedding, the two curves
will be pushed down and to the high frequency side of the plots, providing
smaller depths and lower resistivities than the true layering when 1-D
inverted., This unidirectional shifting or biasing of the resistivity curves
caused by the sounding being made over the inhomogeneity is in contrast to the
bidirectional splitting of sounding curves obtained to the side of the

embedding.




Because of the aforementioned greater accuracy of the maximum resistivity
curve in the case of an embedding with the sounding made outside the body,
Russian MT researchers perform 1-D inversion on a data curve obtained by
averaging the impedances from the two principal directions. Since the
resistivities are the scaled squares of the impedances, the resistivity curve
obtained from averaged impedances will be closer to the maximum measured curve
than the minimum. This procedure can serve as a first—order correction for
the effect of surface inhomogeneities that produce parallel splitting of the
resistivity sounding curves. This procedure is preferable to using TE mode
curves for 1-D interpretation since the splitting caused by near surface-
effects is a DC effect on the electric field and does not influence the
magnetic field, thus mode selection is meaningless in this regard.

Parallel splitting of the resistivity curves may be seen in the data
composite of figure 3. Note that soundings 1-2 through 1-5, 2-5 through 2-13
and 3-6 to 3-8 show this effect in particular. Reference to the level of the
curves defined by the 10 ohm-m base lines (horizontal lines through each
profile of data) show that several sounding curve sets may be pushed
unidirectionally due to measurement over a surface inhomogeneity. The most
noticeable is sounding 2-9 which was obtained over conductive lake deposits in
Summer Lake Valley, Oregon. Note that the entire curve set has been pushed
down in relation to soundings on either side. Sounding 4-8 is similar in this
respect and probably 1-6, 1-7, and 1-8 also.

In a first pass at interpretation, all of the soundings from which good
data were obtained were inverted using a 1-D inversion program (Anderson,
1979). Curves which were clearly 2-D rather than 1-D (and distorted mainly by
surface effects) were modelled with a 2-D transmission surface program

(Madden, 1970). As mentioned above, when the assumed 1-D curves suffered from



parallel splitting, a resistivity curve based on averaged impedances for the
principal directions was used to better approximate the true layering.

Once all of the appropriate curves had been inverted with the 1-D
inversion program in the manner discussed above, geoelectrical cross sections
were constructed as shown in figures 4-8 for the five data profiles. Note
that no interpretation was done of soundings 6~1 to 6-8 and 2-1 to 2-3 because
of poor data quality or 3-D effects in the data.

It was deemed likely that the highly irregular nature of the deepest
interface on the cross sections, particularly on profiles no. 1l and 2 was due
to inadequacy in treating the shifting of the sounding curves caused by
surface inhomogeneities. Figure 9 shows a correlation plot of the depth to
this lower crustal conductor on the horizontal axis versus the resistivity of
the second layer. Only soundings which exhibited the parallel splitting
indicative of surface inhomogeneities were used in the plot. Note that a
regression line with a slope of 2 fits most of the data points quite well. It
can be shown that models for a single sounding‘curve shape, but with a
different static levels on the vertical axis, also have the same shape when
plotted on a depth-resistivity plot. Moreover, the models can be tracked in
log space along a line with a slope of 2, and this is the reason it can be
stated that the regression plot of figure 9 indicates bias of the models from
surface inhomogeneities. The most obvious solution to removing bias and
irregularity of the models was to provide some constraints. It was decided to
constrain the models to the resistivity of the second layer, which is the
resistivity representing mostly older volcanics, which have been found to have
reasonably consistent resistivities in other studies (Stanley and others,
1976; Stanley and others, 1977). An average value for this layer on profile 1

was used to shift the models for profile 1 to this constraint. The same




procedure was used for profile 2 with the value for the second layer
resistivity taken from this profile. Because points for profiles 3 and 4 did
not show the same strong correlations in figure 9 that those from profile 1
and 2 did, and because the irregularities were not as serious, the above
constraint was not applied to profiles 3 and 4. The adjusted second and third
interfaces are shown by the circled dots in figures 4 and 5 for profiles 1

and 2., The dashed lines are a third attempt to make the sections more
realistic by hand fitting an interface to the dots. The same hand smoothing
could have been done to the original interfaces, but serious differences would
have occurred, as for example in the vicinity of 2-7 to 2-9, with the
preferred interface being the one which was arrived at by constraining the

second layer resistivity as outlined above.

Model Accuracy

Because of the extreme displacement of the sounding curves for site 2~
9, the level of this curve was shifted to a linearly interpolated value
halfway between the levels of 2-8 and 2-~10 in the original inversions. To
attempt to model the data otherwise would have been extremely misleading, and
even using the approach above is highly unsuitable, but the only alternative
to totally discarding the data. The model, therefore, for 2-=9 should be
considered highly inaccurate. For the rest of the profile sections which were
approximated with 1-D models, it is felt that accuracy of the depth to lower
interfaces has been improved somewhat by the corrections discussed above
involving constraining the second layer resistivity. 'However, large errors
are undoubtedly present in portrayed depths to these interfaces in figures
4~8, It is impossible to specify the error bars on the interface depths or
layer resistivities. Statistics available from the generalized linear

inversion program (Anderson, 1979) give some estimate of the resolving power



of a particular set of data, but this estimate assumes that the data are
completely one-dimensional in character and have not suffered from
displacement by near-surface inhomogeneities or other distortion. Thus, this
information may not be used to specify error bars for the model p;rameters in
this survey, or in most other MT surveys. One is left with an intuitive guess
about the model accuracy, which is derived from the irregularity of the model
interfaces and other indications of distortion. The estim;ted error for
depths to the second and third interfaces (which are of most interest) is
about 1.5 and 5 km, respectively. It is probably advisable in such a regional
survey to use averaged parameters for large sections of the profilg or for a
complete profile, with a view toward detection of trends in parameter

change., Certainly one should not place much stress on the significance of
parameters at a single station.

The two—-dimensional models computed for the data of this report were
designed only to provide a reasonably accurate estimate of the types of
structure causing 2-D effects in the sounding curves. The exact details of the
curves were not modelled, but such parameters as depth and width extent of

perturbing bodies were studied in a general manner.



Significance of Models
The geoelectrical cross sections shown in figures 4-8 have coded
resistivity ranges portrayed as follows:

solid black layer: 50-500 ohm-m surface layer

stippled layer: 2-50 ohm-m surface and intermediate layer

cross-hatched layer: 100-1000 ohm-m electrical basement (third layer)
The fourth layer, which occurs beneath the cross-hatched layer, is the
pervasive lower crustal conductor (Stanley and others, 1977) and was given
infinite thicknesss on all of the 1-D models, but given finite thickness on
some of the 2-D models in order to estimate its thickness. Exact parameter
values for all of the models used are given in Appendix 1.

Perhaps the most striking result seen in the models and also in the data
display of figure 3 is the abrupt transition from mostly 1-D curves on the
east to highly 2-D curves on the west at a boundary occurring near longitude
122° W.., This boundary is marked on figure 1 by the bold striped line. Note
from figure 1 that the boundary follows the Bouguer gravity map trends and
occurs about where the steep gravity gradients between longitude 122° and 123°
flatten out. This generally corresponds to the transition from the High
Cascades, consisting of linear chains of Holocene volcanoes, to the Western
Cascades, which are made up of highly dissected Tertiary volcanic rocks. The
transition is characterized by a change in the surface layer, consisting of
andesites and basalts of Holocene age, to the much lower surface resistivities
of the Tertiary volcanics in the Western Cascades. Also the two-dimensional
structure indicated by the models suggests that the upper 5 km of material is
highly jumbled up in the Western Cascades, as opposed to mostly horizontal
layering of units in the High Cascades. 1In addition, there appears to be a

shallowing of the crustal conductor near the boundary and also near the



Brother’s fault zone on line 4 (4~6, 4-7, and 4-8).

‘Magnetic (Richard Couch, Oregon State U., written commun., 1979) and heat
flow (Blackwell and others, 1978) anomalies also occur in the area of the MT
boundary. The high heat flow and alinement of hot springs (shown on figure 1)
can be conceivably attributed to thermal water being released to the surface
along vertical zones of permeability in the highly jumbled up boundary between
the Western Cascades and High Cascades. The heat flow anomaly mapped in
Blackwell and others (1978) is quite abrupt, suggesting that this mechanism
must be combined with much higher conductive heat flow, possibly evidenced by
the apparent shallowing of the crustal conductor. This crustal conductor,
which occurs over most of the Western United States and especially in regions
of high geothermal flux (Stanley and others, 1977), is being extensively
studied by many researchers in MT and geomagnetic sounding and a full
discussion of its nature is beyond the scope of this data release. It should
be pointed out, however, that it is not necessary to have partially molten
deep crustal or mantle rocks to produce resistivities observed in the
conductor. Laboratory measurements on rock samples by Olhoeft (1980) show
that deep crustal resistivities of less than 10 ohm-m can be produced with 0.3
to 3 percent water present, independent of temperature, pressure, oxygen
fugacity, and salinity. Temperatures need only be above about 400°C and the
rocks must contain the stated minimum percentages of water. Curie isotherm
depths computed from aeromagnetic data in the area of MT profiles 3 and 4 are
about 11 km (Richard Couch, Oregon State U., oral commun., 1979), which is in
reasonable agreement to depths to the lower crustal conductor in this area.

Electrical strike directions determined from the MT data are shown on
figure 1. The MT strike directions generally follow the gravity trends, and

along the boundary at about longitude 122° W., the conductive side of the
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geology is indicated to be the eastern, or High Cascades, side. The curving of
strike direction on line no. 1 about the Medicine Lake Highlands (a caldera
feature centered 10 km south of site 1-3) may be related to the sharp
embayment in the steep gravity gradient south of the area. Rotation data from
sites 6=9 to 6-12 point back to the thick basalt and possibly sedimentary
section in the center of the Columbia Plateau as indicated by the large
gravity high centered at about latitude 46.5° N., longitude, 119.5° W.

The second layer on the MT model sections is conductive (2-50 ohm-m) and
on profiles 1 to 4 represents mostly Tertiary volcanics, which are generally
more conductive than younger volcanics because of much larger amounts of
alteration. Conductive consolidated sediments such as shales and sandstone
may be part of this electrical layer, and possibilities of this nature are
currently being studied with the aid of available well log data. Because of
having low resistivities (8-20 ohm-m), the second conductive layer on profile
6 (sites 6-10 to 6-13) has a higher probability of containing sediments at
depth rather than strictly conductive basalts or other volcanics, but we have
no evidence to substantiate this possibility. Note that the first and second
interfaces on the model section for profile 6 were adjusted using a
constrained second layer resistivity, because high correlation occurred
between this resistivity and depths to the first and second interfaces
shown. The adjusted interfaces are shown in the lower part of figure 8.

A long crustal seismic refraction profile has been completed by the
National Center for Earthquake Research, USGS, along a north-south axis just
east of the High Cascades, and a preliminary model which fitslthe data has
been computed (Jack Healy, USGS., oral commun., 1979). This model is shown in
the lower right part of figure 6. The first two seismic layers of 3.36 and

4.9 km/s correspond to the MT top two layers and the MT crustal conductor
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(shown with a thickness of 7 km.determined from preliminary modelling) appears
to be contained in the lower crustal seismic layer. The Moho was found to be
at about 40 km on the seismic profile and large attenuation of seismic energy
in the lower crust was observed, suggesting that a very hot zone in the lower

crust may be present.

Summary

The initial interpretation of the MT data described in this report
indicates a distinct electrical boundary between the High Cascades and the
Western Cascades and that the depth to the lower crustal conductor may be
shallower near this boundary and under éhe High Cascades. The severe effect
of three-dimensional distortions on the data has been pointed out and treated
to a first approximation, but the errors in interpreted depths should still be
considered to be quite large. The data should be interpreted in a general
sense regarding individual site parameters. Further work is being done
intermittently to investigate some aspects of the regional data base described
here and to further evaluate the effect of three-dimensional distortions on
all the data. Synthesis of MT data with other geophysical data

will continue with cooperation from other scientists working in the Cascades.
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Figure Captions

Figure l.--Station locations for regional MT survey. Locations for the MT
soundings are shown by arrows pointing in the electrical strike
directions. The direction of electrical "dip" or conductive side of the
assumed two-dimensional structure is to the right of the arrow point. The
U:S. Bouguer gravity map is used as a base. Values of the gravity
contours are given in milligals. Hot springs occurring west of long 121°
W. are denoted by HS. The bold striped line represents the approximate
location of a major electrical boundary interpreted from the MT data. The
Brothers .fault zone is shown by the thick, solid line. Exact location of
the sounding sites are given in the appendices.

Figure 2.--Generalized geologic map of the Cascade Range. The major volcanoes
of the range are shown by the black dots.

Figure 3.--Composite data display of the MT amplitude curves. The sounding
curves are all plotted with a baseline at 10 ohm-m (solid horizontal
lines). The dashed line crossing the profiles represents the electrical
boundary observed in the MT data and discussed in the text. Horizontal
scale is not maintained in the plot and the curves are adjoined without
regard to their actual horizontal position, but only in sequence.

Figure 4.-—Geoelectrical cross section for MT Profile no. 1. Resistivity
values interpreted for the model layers is shown in the figure legend.
The circled dots represent adjusted interfaces for interfaces between
layer 2 and 3 and between 1ayer13 and 4. Procedures for adjusting the
interfaces is described in the text.

Figure 5.--Geoelectrical cross sectipn for MT profile no. 2. Resistivity
values interpreted for the model layers is shown in the figure legend.

The circles dots represent adjusted interfaces between layer 2 and 3 and
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between layer 3 and 4. Procedures for adjusting the interfaces is
described in the text,

-Figure 6.-—-Geoelectrical cross section for MT Profile no. 3. A refraction
seismic section taken from Healy (1979, oral commun.) is shown in the
righthand part of the figure. Interpreted resistivities for the model
layers are shown in the legend.

Figure 7.--Geoelectrical cross section for MT profile no. 4 . Interpreted
resistivities for the model layes are shown in the legend.

Figure 8.--Geoelectrical cross section for MT profile no 6. The upper part of
the figure shows an orginal interpretation, with layer resistivities
depicted in the legend. The lower part of the figure shows adjusted
interfaces between layer 1 and 2 (crosses) and between layer 2 and 3
(circled crosses).

Figure 9.--Plot of depth to the lower crustal conductor(abscissa) versus
second layer resistivity (ordinate) on log-log scale. Data points were
taken only from soundings which showed obvious effects of surface

inhomogeneity.
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site

1-2 573

1-5

1-6

1-7

1-8

Appendix 1-——Model Parameters

One-dimensional models

layer resistivity (ohm-m) depth to bottom of layers (meters)
578

2,53 2106

220 7614

.49 infinite
6120 290

7.1 1667

216 17505
7.4 infinite
371 415

21.3 2684

256 30887
10.4 infinite
187 397

15.7 2686

304 31544
16.6 infinite
73 317

6.4 2310

81 15441
3.1 infinite
8.5 49.4

4.8 1302
21.9 15021
2.8 infinite
146 87

4.5 849

21.8 11933
8.1 infinite
23 442

29 1598

581 18804

20 infinite
21 15

16 1241
1471 11073

21 infinite
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2-6

2-7

2-8

2-9

2-10

2-11

2-12

2-13

3-2

244

39.8
1083
19.7

199

14.6

19.9
275
23.9
142
17,2

14
67
20.4
252
32

83.4
54.8
18.3
114
26

8.6
3.2
21.1
151
9.5

300
13
102
20.5

18

1171
7284
42110
infinite

269

814

2159
17301
infinite

732

2442
19484
infinite

164
3662
16914

"infinite

127

818

3322
32585
infinite

97

2298
5356
35411
infinite

91

637

3042
22434
infinite

354

687

1250
17982
infinite

285

518

1165
11824
infinite

1400
4923
15143
infinite



3-5

3-6

b=t 4=5

4-6

4=9

6-10

206
44
110
20

5900
118
9.9
18
5.9

95
9.4
156
45

89
4.1
30
11.3

1200
24

24
2.8

6.3
65
8.3
52

19

1490
3660
18227
infinite

159

851

2109
16036
infinite

550

2382
15422
infinite

140

1950
14909
infinite

810
15972
infinite

847

2722
15313
infinite

1080
2200
14497
infinite

803

1013
13980
infinite

91

642
11600
infinite

70

192

1230
15700
infinite

22

2614
7106
infinite




6-11

6-12

6-13

95
114
14,3
119

394
156
47.6
428
972

50
800
250

65

3150
5828
infinite

431

1337
3296
7776
infinite

370
18200
infinite

20



Appendix 2--Data Plots
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